The transcription factor GATA2 is required for expansion and differentiation of 41 hematopoietic stem cells (HSCs). In mesenchymal stem cells (MSCs) GATA2 blocks 42 adipogenesis, but its biological relevance and underlying genomic events are unknown. We 43 report a dual function of GATA2 in bone homeostasis. GATA2 in MSCs binds near genes 44 involved in skeletal system development and co-localizes with motifs for FOX and HOX 45 transcription factors, known regulators of skeletal development. Ectopic GATA2 blocks 46 osteoblastogenesis by interfering with SMAD1/5/8 activation. MSC-specific deletion of 47 GATA2 in mice increases numbers and differentiation capacity of bone-derived precursors, 48 resulting in elevated bone formation. Surprisingly, MSC-specific GATA2 deficiency impairs 49 trabecularization and mechanical strength of bone, involving reduced MSC expression of the 50 osteoclast inhibitor osteoprotegerin and increased osteoclast numbers. Thus, GATA2 affects 51 bone turnover via MSC-autonomous and indirect effects. By regulating bone 52 trabecularization, GATA2 expression in the osteogenic lineage may contribute to the 53 anatomical and cellular microenvironment of the HSC niche required for hematopoiesis. 54 55 early hematopoietic stem cells (HSCs) (1). Expression of GATA2 in HSCs is required for the 60 expansion of multipotent hematopoietic cells and the formation of mast cells, but was found 61 dispensable for the terminal differentiation of erythroid cells and macrophages (2). In humans, 62 germline mutations in GATA2 are associated with the GATA2-deficiency syndrome, which 63 manifests as a complex array of hematologic, neoplastic, dermatologic, and pulmonary 64 symptoms that can be accompanied by certain viral infections and congenital deafness (3). 65 on August 22, 2018 by guest http://mcb.asm.org/ Downloaded from 4 Acquired mutations have been linked to myelodysplastic syndrome, acute myeloid leukemia, 66
INTRODUCTION 56
GATA2 belongs to a family of six structurally related zinc finger transcription factors 57 (GATA1-6) and plays a critical role in hematopoiesis. Mice that lack GATA2 die during 58 embryonic development due to severe anemia upon impaired proliferation and survival of 59 5 of the transcriptional start site (TSS)) have been previously identified in G1E-ER cells, an 92 erythroid cell line (10). We focused on Zfpm1 in order to identify a functionally relevant 93 binding site of GATA2 in 3T3-L1 cells, an adipocyte-lineage committed mesenchymal cell 94 line (11). As previously reported (6, 12), GATA2 is down-regulated during adipogenesis (Fig. 95 1A, before (day 0) and 14 days after the initiation of differentiation). Similarly, mRNA 96 expression of Zfpm1 was reduced ( Fig. 1B) in accordance with a recent study (13), suggesting 97 that GATA2 regulates Zfpm1 expression in 3T3-L1 cells. Indeed, retroviral over-expression 98 of GATA2 in preadipocytes up-regulated ZFPM1 protein (Fig. 1C ). We performed chromatin 99 immunoprecipitation (ChIP) of endogenous GATA2 and found that binding was conserved at 100 +0.7 kb but not +24.7 kb of the Zfpm1 TSS in 3T3-L1 cells and absent in adipocytes ( Fig.  101 1D), consistent with the low expression of GATA2 after differentiation. An upstream site (-102 1.4 kb) served as negative control. GATA2 binding to +0.7 kb of Zfpm1 was used as 103 control/validation site for all further ChIP experiments. Input and GATA2-enriched chromatin 104 of undifferentiated 3T3-L1 cells (>5 fold enriched at +0.7 of Zfpm1) was subjected to high-105 throughput sequencing (ChIP-seq). 106 107 GATA2 binds genomic WGATAR motifs and is enriched at skeletal development genes. 108
We identified a total of 1,975 peaks (false discovery rate (FDR) 1%) (Table S1 ) and more 109 than 90% localized to intergenic and intronic regions. Only a small fraction mapped to 110 proximal promoters (73 peaks within 3 kb 5' of the TSS) ( Fig. 1E ). Binding to five randomly 111 selected sites near the genes Prickle, Tinag, Cdk4, Tsen and RetSat was validated and 112 confirmed by ChIP-qPCR (data not shown). De novo motif analysis of genome-wide GATA2 113 binding sites by SeqPos (14) revealed that GATA containing sequences represented the top 114 three motif clusters (Fig. 1F , + andstrands), matching the consensus WGATAR motif 115 (W=T or A; R=G or A) (15-17) to a high extent. Of note, also E-box motifs of (CANNTG)-116 WGATAR-containing composite elements, known to be important for GATA's cooperative 117 on August 22, 2018 by guest http://mcb.asm.org/ Downloaded from 6 function with other transcription factors (16, 18) , were enriched although much less 118 significantly ( Fig. 1G, top panel) . Interrogating known binding motifs in peak regions 119 identified either GATA factors or transcription factors with binding motifs that contain 120 GATA (Fig. 1G, bottom panel) . Binding sites showed evolutionary conservation when 121 assessed by phastCons, which is based on a two-state phylogenetic hidden Markov model (19) 122 ( Fig. 1H) . Next, nearby genes (located 70 kb 5`or 3`of GATA2 binding sites, n=2,230 genes, 123 Table S2 ) were analyzed by gene ontology analysis and enriched to pathways involving 124 transcription, nucleic acids, and nitrogen compound metabolic process (Fig. 1I) . Strikingly, 125 one of the top-ranking pathways mapped to skeletal system development ( Fig. 1I, n=56 genes, 126 Table S2 ), suggesting a role for GATA2 in osteoblast differentiation and bone homeostasis. 127
Binding to six randomly selected sites near genes of this pathway (Foxc2, Cobl, Sfrp2, Igsf10, 128 Man2a1 and Ptgs2) was validated and confirmed by ChIP-qPCR (data not shown). 129 7 near GATA2 sites that are specific to 3T3-L1 cells (n=1,011 genes), whereas both 144 overlapping genes (n=1,219 genes) and genes near HSC-specific binding sites (n=6,316) 145 mapped to other, skeletal system-unrelated pathways (Fig. 2C, left panel, corresponding genes 146 in Table S2 ). We then asked which motifs besides WGATAR enrich to cell type-specific 147 peaks. Motifs for transcription factors of the FOX and HOX family, known regulators of 148 neural crest cells and skeletal development (22, 23) were found near 3T3-L1-specific, 149
whereas motifs for a variety of factors involved in hematopoiesis were identified near HSC-150 specific binding sites ( Fig. 2C, right panel) . Thus, GATA2 appears to co-localize with 151 specific lineage-determining transcription factors that may prime and/or facilitate cell type-152 selective binding. GATA2 binding sites near Zfpm1 and Ccna1 were conserved in 153 C3H10T1/2 cells ( Fig. 2D , left panel) that, in contrast to adipocyte lineage-committed 3T3-L1 154 cells, are mesenchyme-derived cells that exhibit multipotency (24). GATA2 ChIP-seq in these 155 cells identified 1,517 binding sites (FDR 1%) (Table S1 ) and the GATA consensus motif as 156 the most enriched sequence ( Fig. 2D , right panel top). Of the 1,936 genes located near 157 GATA2 binding sites in C3H10T1/2 cells (Table S2) , 989 overlapped with those in 3T3-L1 158 ( Fig. 2D , right panel bottom). As expected, heatmap visualization showed a much higher 159 overlap of GATA2 binding sites between the two mesenchymal cell lines compared to 160 binding in HSCs ( Fig. 2E ). 161 162 GATA2 blocks osteoblastogenesis and impairs SMAD signaling. To test the hypothesis 163 that GATA2 regulates osteoblast differentiation, we retrovirally over-expressed GATA2 in 164 C3H10T1/2 cells ( Fig. 3A ) and stimulated osteoblastic conversion. Remarkably, ectopic 165 GATA2 strongly suppressed osteoblastogenesis, when assessed by alkaline phosphatase 166 (ALPL) staining, Alizarin staining of calcium deposition, and by the expression of osteoblast 167 marker genes after 8 days of differentiation ( Fig. 3B and 3C, respectively). Since Wnt-and 168 SMAD-signaling are pivotal in controlling osteoblast differentiation (25, 26), we tested 169 on August 22, 2018 by guest http://mcb.asm.org/ Downloaded from 8 whether ectopic GATA2 would interfere with these pathways. GATA2 blocked the BMP2-170 induced activation of a SMAD1/5/8 luciferase reporter ( Fig. 3D ) but had no discernable effect 171 on basal or the LiCl-mediated activation of a Wnt-reporter system (Fig. 3E ). We then isolated 172 Lin -Sca1 + MSCs from subcutaneous white adipose tissue (sqWAT) and ectopically expressed 173 GATA2 in these primary cells (Fig. 3F ). Affymetrix gene expression-profiling showed that 174 ectopic expression of GATA2 in undifferentiated cells regulated 805 of the 2,230 genes with 175 nearby GATA2 binding (Table S3 ) and 41 of 102 (q < 0.05) genes defined by the GO terms 176 related to skeletal system development ( Fig. 3G , Table S2 ), and several SMAD's and 177 respective target genes ( Fig. 3H ). Since the majority of these genes were down-regulated 178 (n=29 vs. 12), GATA2 seems to function primarily as a repressor of genes involved in 179 skeletal development/osteoblast differentiation. Moreover, GATA2 also potently inhibited 180 osteoblastogenesis in primary MSCs as shown by reduced ALPL and Alizarin staining and 181 lower expression of osteoblast marker genes after 8 days of differentiation ( Fig. 3I and 3J) . 
MSC-specific GATA2 deletion activates osteoclasts involving reduced osteoprotegerin 228
and alters blood cell counts. In order to identify the reason for impaired trabecularization in 229 mice with MSC-specific GATA2 deletion, we first investigated bone anabolism and 230 determined mineral apposition rate (MAR) by calcein double staining. MSC-specific deletion 231 of GATA2 increased MAR in trabecular bone ( Fig. 6A ) whereas there was no effect in 232 cortical bone (data not shown). This indicates that reduced trabecularization is unlikely due to 233 reduced bone formation. We next assessed whether differentiation of GATA2-deficient bone-234 resident MSCs shifted towards adipocytes and found that in vitro adipogenesis of bone-235 derived Lin -Sca1 + cells was indeed enhanced (increased Oil Red staining and mRNA 236 expression of the adipogenic marker genes Ppar 2 (18.7 ± 1.99 fold) , Cebpa (6.8 ± 0.92 237 fold), aP2 (33.5 ± 2.26 fold) in Cre (+) compared to Cre (-) cells, after the induction of 238 differentiation). In contrast, H&E staining of bone sections and mRNA expression of 239 adipocyte marker genes in bone failed to support a significant increase in bone marrow 240 adipocytes (data not shown). Instead, bone mRNA expression of osteoclast marker genes and 241 the number of osteoclasts determined as tartrate-resistant acid phosphatase (TRAP)-positive, 242 multinucleated cells was increased ( Fig. 6B and 6C ). This suggests that impaired 243 trabecularization could be caused by an imbalance of catabolic over anabolic bone cells. Since 244 GATA2 deletion in these mice is specific to the mesenchymal lineage, we analyzed known 245 osteoblast-derived signals that affect osteoclast differentiation and activity. Expression of 246 receptor activator of nuclear factor kappa B ligand (Rankl) (32, 33) and colony stimulating 247 on August 22, 2018 by guest http://mcb.asm.org/ Downloaded from 11 factor 1 (Csf1) (34) were unchanged in bone of GATA2-deleted mice, whereas that of Opg 248 (35) was reduced by 50% ( Fig. 6D ). Since OPG is a decoy receptor for the osteoclast-249 differentiation factor RANKL (36, 37), this gene expression pattern is consistent with the 250 observed increase in osteoclasts. Thus, reduced trabecularization may be a consequence of 251 lower expression of Opg and increased osteoclast differentiation. To investigate whether Opg 252 is a direct transcriptional target of GATA2 in MSCs, we analyzed GATA2 binding near its 253 genomic locus and found two binding sites at 13.0 and 75.4 kb upstream of its TSS in 254 C3H10T1/2 cells but not in HSCs ( Indeed, we found that ectopic expression of GATA2 inhibited, whereas genetic deletion of 284 GATA2 in Lin -Sca1 + precursor cells enhanced osteoblast differentiation, at least in part by 285 interfering with BMP-driven SMAD signaling. Besides osteoblast differentiation, MSC-286 specific GATA2 deletion also increased the number of mesenchymal precursor cells in bone 287 and enhanced adipocyte differentiation of Lin -Sca1 + precursor cells in vitro. Thus, GATA2's 288 function is to limit precursor cell numbers in bone and the osteoblastic/adipogenic 289 differentiation of certain precursor populations. Intriguingly, deletion of GATA2 in sqWAT-290 residing precursors did not affect precursor numbers, their adipogenic differentiation, or 291 sqWAT mass, suggesting that GATA2 is biologically more relevant for proliferation and 292 differentiation of MSCs in bone, rather than for those residing in WAT. 3T3-L1 cells were differentiated to adipocytes by incubation with insulin, dexamethasone, 370 and 3-isobutyl-1-methylxanthine as previously described (52). C3H10T1/2 cells were 371 differentiated to osteoblasts using 300 ng/ml BMP-2 (eBioscience), 10 mM -372 glycerophosphate and 50 µg/ml ascorbic acid (Sigma) for 8 days. Calcium phosphate and 373 alkaline phosphatase staining was performed using specific reagents (Alizarin Red S (Sigma) 374 and the BCIP/NBT kit (US Biologicals)). 375 376 Isolation, FACS, culturing, and differentiation of primary cells 377 on August 22, 2018 by guest http://mcb.asm.org/
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Isolation and maintenance of sqWAT-derived MSCs was performed as described elsewhere 378 (53). In short, male C57Bl/6J mice aged 8-12 weeks were sacrificed and sqWAT isolated. The 379 tissue was cut into small pieces, digested with collagenase, type II (Sigma), and filtered 380 through a 70 µm mesh to obtain sqWAT MSCs. Freshly isolated cells were seeded on 6 well 381 plates and maintained in DMEM with 10% FBS, 1% Pen/Strep (all ThermoFisher), and 10 382 mM HEPES. Cells were cultivated for at least 2 passages before inducing differentiation. 383 MSC identity was analyzed by FACS. For differentiation, cells were seeded in 24 or 48 well 384 plates and grown to ~80% confluency. Osteoblastogenesis was induced by 10 mM ß-385 glycerophosphate, 50 µg/ml ascorbic acid and 50 ng/ml BMP-2 and culture medium changed 386 every other day. Bone-derived MSCs were isolated as previously described (29). In brief, 387 soft-tissue free bones (tibia/femur) were crushed and digested by collagenase, type II 388 (CellSystems) for 1 hour at 37° C and constant agitation. The digest was stopped by adding 389 sorting buffer (2% FBS/PBS). The suspension was filtered through a 70 µm mesh, 390 centrifuged, and the pellet re-suspended in Ammonium-Chloride-Potassium lysis buffer to 391 eliminate red blood cells. After an additional wash step, cells were re-suspended in sorting 392 buffer and antibody-labeled (Table S4) . Flow cytometry and cell sorting was conducted on a 393 FACS Aria III cell sorter (BD Biosciences) and analyzed using FlowJo software (Tree Star). 394
Living cells were gated for lack of PI fluorescence and staining of calcein (Sigma). 395
Compensation, fluorescence-minus-one control based gating, and FACS-isolation were 396 conducted as before (54). Freshly isolated cells were maintained and differentiated to 397 adipocytes or osteoblasts as previously (29). ChIP analyses in 3T3-L1 and C3H10T1/2 cells were performed as described previously (56). 425
Approx. 100 µg of sonicated chromatin extracts were used for each IP and incubated with 10 426 µg of a GATA2 antibody (sc-9008x, Santa Cruz) overnight. qPCRs were normalized to the 427 amplification of a fragment of the insulin or 36B4 gene. Primers for ChIP-qPCR are listed in 428 Table S5 . For dynamic histomorphometry analysis, 10 weeks old male Gata2 (fl/fl) Prx1-Cre 496 negative/positive mice were injected intraperitoneally with 30 µg calcein/g mouse at two time 497 points (9 and 2 days before sacrificing). Tibiae were collected, cleared of soft tissue and fixed 498 in 4% PFA for two days. Samples were washed and dehydrated gradually in 70%, 80%, 90% 499 to 100% EtOH during a period of 12 days. Technovit 9100 system (Kulzer) was used for 500 infiltration and polymerization. Calcein double labelling was captured with the Keyence BZ-501 9000 fluorescence microscope and analyzed by an ImageJ macro (71). Exclusion criteria were 502 predefined as lack of two distinguishable fluorescent calcein labels. Mineral apposition rate 503 (MAR) was calculated according to international standards (72). The fracture healing model was performed as described previously (29). Briefly, eight months 525 old male mice were given an analgetic (MediGel, ClearH2O) starting two days prior to 526 surgery. At the day of surgery mice were anesthetized and a steel pin (diameter 0.35 mm) was 527 inserted into the medullary cavity through a small cutaneous incision at the knee joint for 528 stabilization followed by a fracture induction with scissors 0.5 cm distal from the knee. 14 529 days after fracture induction, tibiae were harvested for analyses. After removal of the pin, the 530 extracted tibiae were fixed and a µCT analysis was conducted. Subsequently, tibiae were 531 decalcified followed by paraffin embedding and sectioning at 3 mm per slice. Samples were 532 
